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Abstract 
 Relaxation behaviors of highly rejuvenated Zr50Cu40Al10 bulk metallic glass was investigated 
using synchrotron X-ray scattering coupled with differential scanning calorimetry.  The 
relaxation of rejuvenated volume is found to correspond to a marked exothermic event prior to the 
glass transition.  High-energy synchrotron X-ray measurements of the structure factor show that 
annihilation of rejuvenated volume corresponds to a sharpening of the scattering peaks.  The 
calculated reduced pair distribution function suggests that the atomic re-arrangement in the second 
shell are largely responsible for the reduction in the free volume and decrease in full-width at 
half-maximum of the Total Structure Factor observed during structural relaxation.  Mechanical 
properties in the highly rejuvenated metallic glass were evaluated as a function of annealing 
temperature.        
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1. Introduction 
Rejuvenation in metallic glasses by introduction of additional “defects”, such as free volume, 
anti-free volume and shear transformation zone increases the internal energy of the system [1-3]. 
Structural rejuvenation has been reported to improve the plasticity of bulk metallic glasses (BMG) 
through reducing shear localization [4, 5].  Many approaches have been used to impart 
rejuvenation in BMG, including cold rolling [6], shot-peening [7], high-pressure torsion [4, 8], 
constrained loading [9-11], thermal strain [5] and creep deformation [12].  The amount of 
rejuvenation is often quantified by the relaxation energy (heat release rate as a function of 
temperature) measured by differential scanning calorimetry.  Until now the highest reported 
relaxation enthalpy is 3.42 kJ/mol achieved in Zr-Cu-Ni-Al deformed using constrained loading 
[9].  
Efforts have focused increasing the magnitude of rejuvenation, and thus rejuvenation 
relaxation enthalpy, however, the nature of rejuvenation in amorphous alloys remains unclear due 
to the difficulty in accurately characterizing the key structural changes.  Pair distribution function 
(PDF) measurement via high energy X-ray diffraction (HEXRD) is a powerful technique to study 
small changes in the average atomic structure.  For example, Bednarcik et al. [13] investigated 
the thermal expansion and kinetic of glass transition in La-based BMG using synchrotron X-ray 
scattering.  Dmoswki et al. [1] used PDF to characterize the re-distribution of atomic bonding 
distances after structural rejuvenation induced by high pressure torsion.  The stability of the 
rejuvenated volume, however, is much more difficult to characteize, especially for highly 
rejuvenated BMG.  Annihilation behavior of free (long bond) and anti-free volume (short bond) 
particularly difficult to characterize [14].  In the present study, synchrotron HEXRD was used to 
characterize the structural evolution of the relaxation process in highly rejuvenated Zr50Cu40Al10 
metallic glasses, especially in the lower temperature range (T<<Tg).  This technique provides an 
important way to distinguish between reversible thermal expansion and structural relaxation 
during annealing.   
 
Figure 1(a) Schematic illustration of synchrotron X-ray scattering and (b) accumulated S(Q) of 
rejuvenated BMG as a function of temperature at a constant heating rate of 10oC/min and DSC 
profile was imposed.  
2. Experimental procedures  
Rejuvenation of Zr50Cu40Al10 BMG was performed via high pressure torsion (HPT) for 50 
revolutions.  More details about sample preparation and HPT experiments can be found in Ref 
[4].  As-cast Zr50Cu40Al10 BMG samples (no HPT deformation) from sample rod as the samples 
used for HPT processing were examined for comparison to the rejuvenated samples.  
High-energy X-ray Diffraction (HEXRD) measurements were performed at 11-ID-C beamline at 
Advanced Photos Source (APS), Argonne National Laboratory (USDOE).  A monochromatic 
0.1mm×0.1mm shaped X-ray beam with energies of 105.708 keV (corresponding wavelength was 
0.01173 nm) was used to map the structural/phase evolution during constant rate heating at 
10oC/min.  Each sample was measured in transmission geometry with the incident beam parallel 
to the HPT compression axis. A PerkinElmer α-Si flat-panel large-area detector was placed behind 
the samples to collect the 2D diffraction patterns, Figure 1. The samples were heated in situ in Ar 
atmosphere using a Linkam TS1500 high temperature furnace.  The X-ray patterns were 
collected from regions 3.5mm away from the center radius of both as-cast and rejuvenated 
samples with thickness of 0.6mm.  The total scattering volume is about 6.0E-3 mm3.  The 
GSAS II software package [15] was used to integrate the 2-D diffraction patterns in a azimuthal 
angel range of 5.2º ~ 354.8º and calculate total structure factor, (S(Q)), and reduced PDF (G(r)).  
Ref [4] has shown that the deformation by torsion does not introduce significant structural 
anisotropy, which is in good agreement with similar diffraction patterns obtained by integration of 
azimuthal angles along the longitude and transverse directions in the present study.  The reduced 
PDF is obtained by the direct Fourier transformation of the total structure factor S(Q), as given in 
Equation (1), where Q=4πsin(θ)/λ is the modulus of the scattering vector, θ is the scattering angle 
and λ denotes the wavelength of the X-rays [1]: 
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Diffraction patterns from a ceria powder calibration standard (NIST, CeO2-674b) were used to 
calculate the sample-detector distances and beam center.  Ex-situ annealing experiments to 
characterize the thermal properties of the as-cast and rejuvenated BMGs were done using 
PerkinElmer Diamond differential scanning calorimetry (DSC) at a constant heating rate of 10 
ºC/min.  Structural characterization was performed using JEOL 2100F transmission electron 
microscopy (TEM) with an accelerating voltage of 200 kV.  Samples used for TEM observation 
were annealed in the DSC furnace for 1000 s by heating up to 450ºC at 40ºC/min and then cooled 
back to room temperature at 100ºC/min. Nanoindentation was carried out using a Hysitron 
Triboindenter TI950 in a load control mode [4].  
  
3. Results and discussion  
Figure 1b shows the measured evolution of S(Q) as a function of temperature at a heating 
rate of 10ºC/min in rejuvenated BMG along with the corresponding DSC profile for comparison. 
The sharp exothermic peak in the DSC corresponding to crystallization event is consistent with 
presence of sharp diffraction peaks, which highlights the good temperature agreement between the 
beamline furnace and the DSC. The DSC traces for both the as-cast and rejuvenated BMG heated 
at 10 ºC/min (Fig. 2) show very similar, Trelaxation: onset temperature of structural relaxation in 
rejuvenated sample of 133ºC, Tg: glass transition temperature of 422oC and Tx: onset temperature 
of crystallization of 476ºC.   
  For temperatures below the crystallization temperature Tx, only diffuse scattering peaks are 
present which is consistent with an amorphous structure.  Our previous work [4] has shown that 
severe plastic deformation does not change the glass transition and crystallization temperature, 
therefore, and structural difference between as-cast and rejuvenated BMG should predominantly 
be below Tg.  
 
Figure 2 Comparison of (a) DSC, (b) peak position and (c) the width at half maximum (FWHM) 
between as-cast and rejuvenated BMG at a constant heating rate of 10°C/min; peak position and 
FWHM were estimated using Voigt fitting.  
To characterize subtle structural differences that are present in the S(Q)’s for the as cast and 
HPT deformed samples, the first diffuse scattering peak (Q=~2.6Å-1) was fit with a Voigt function 
[16] in order to estimate the evolution of peak position and width. The peak position and 
full-width at half-maximum (FWHM) as a function of temperature are shown in Figure 2.  The 
rejuvenated sample exhibits a lower-Q value peak position (larger average atomic spacing) and a 
larger FWHM compared to as-sample prior to structural relaxation at temperatures below 100 ºC.  
This suggests that the HPT sample is more disordered due to the increased rejuvenated volume.  
Domoswki et al. [1] found the peak position shifting is negligible after 10 revolutions compared to 
as-cast condition.  In the present study, the BMG sample was deformed with 50 revolutions 
which could potentially lead to greater rejuvenation compared to the 10 revolutions in Ref [1].   
The relaxation of rejuvenated volume in HPT deformed sample leads to a broad exothermic 
peak starting at ~133ºC in the DSC curve, Figure 2a.  For the as cast samples, the measured peak 
position of the first diffuse halo in S(Q) appears to linearly decreases with increasing temperature 
(Figure 2b), which is consistent with an overall bond length increase due to thermal expansion. In 
contrast, the rejuvenated sample shows initially a linear decrease in peak position with increasing 
temperature, but then shows a marked deviation from linearity. This deviation, which correlates 
with the exothermic heat release in the DSC, is indicative of the bond lengths not increasing with 
continued increase in temperature. When the samples are heated above Tg, the peak positions for 
both the as cast and HPT deformed samples converge and show similar temperature dependence.   
The peak position of the first halo in S(Q) provides an estimate of the average bond length in 
the amorphous structure, however, the FWHM is also another measure of the average structural 
changes associated with rejuvenation and relaxation.  Introduction of excess rejuvenated volume 
leads to pronounced disordering of atomic arrangement, indicative as a larger FWHM in 
rejuvenated sample compared to as-cast one.  For the as-cast sample, the FWHM increases 
slightly with increasing temperature up to ~370ºC in Figure 2c, and the decreases near Tg 
presumably due to the relaxation of excess quenched-in free volume.  This slight increase with 
increasing temperature below ~370ºC can likely be attributed to variation in the temperature 
dependence of the partial-pair correlations, i.e., the partial pair correlations exhibit different 
thermal expansion behavior.  For the rejuvenated sample, the FWHM does not vary significantly 
for temperatures below Trelaxation of 133ºC, due to the low atomic mobility.  As temperature is 
above Trelaxation, the FWHM exhibits a marked decrease with increasing temperature, suggesting 
the diffraction peak becomes sharper and disordering magnitude is reduced.  This change is 
consistent with enhanced structural relaxation in DSC traces, which annihilates rejuvenated 
volume by atomic rearrangement.  Near Tg, both peak position and FWHMs of the rejuvenated 
and as cast sample converge on each other suggesting that the relaxed structures are very similar 
in nature.  All above results suggests that annihilation of rejuvenated volume attributes to both 
deviation of peak position (Figure 2b) and decrease in FWHM (Figure 2c) in rejuvenated sample 
below glass transition temperature. 
   
Figure 3 Excess free volume evolution as a function of temperature in as-cast and rejuvenated 
samples.   
 
Yavari et al. [17] proposed a method to calculate the evolution of mean atomic volume by 
measuring the peak position of the first scattering maxima as a function of temperature.  The 
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where Q is the peak position of the first scattering maxima, Q0 and T0 is the reference condition.  
In the present study, the peak position of the as-cast sample at room temperature was chosen as the 
reference condition to compare the mean atomic volume evolution in both as-cast and rejuvenated 
samples.  The calculated ∆V as a function of temperature (Figure 3) shows the mean atomic 
volume in the rejuvenated sample is higher than that of as-cast sample presumably due to 
introduction of additional excess free volume through deformation.  The excess free volume 
introduced by high pressure torsion is ~0.4%.  It should be noted that the anti-free volume acts to 
increase the atomic packing, which is opposite of the effects of excess free volume.  Increase in 
free volume as shown in Figure 3 indicates the overall free volume is higher than anti-free volume.  
The average atomic volume increases linearly with temperature, corresponding to a calculated 
volume thermal expansion coefficient of 3.36×10-5 K-1, which is similar to the measured values of 
selected Zr-based metallic glass (3.0×10-5 K-1) [18, 19].  For the rejuvenated sample, average 
atomic volume increases with increasing temperature up to Trelaxation (~ 133 °C), above which it 
shows a marked decrease with increasing temperature, Figure 3.  Fitting to the linear region of 
the plot yields a volume thermal expansion coefficient of 4.50×10-5 K-1.    
Annihilation of free and anti-free volumes leads to the peak shifting and evolution of the 
mean atomic volume shown in Figure 2 and 3. During heating, both thermal expansion and 
structural relaxation can be competing in the amorphous structure.  For the rejuvenated sample, 
high density of rejuvenated volumes (free and anti-free volumes) increase the internal energy, 
which lowers the relaxation onset temperature.  At temperature above Trelaxation (~ 133 °C), the 
large nature of the structural rearrangements associated with relaxation of the rejuvenated samples 
dominates the effects of the thermal expansion on the peak position and width changes.  
 
Figure 4 Reduced PDF (G(r)) profiles of (a)as-cast and (c) rejuvenated (HPT) samples at different 
temperatures; the difference in reduced PDF of (b) as-cast and (d) rejuvenated (HPT) samples 
subtracted the as-cast one at 50oC. 
 
To further look at the complex structural changes associated with relaxation of the 
rejuvenated sample in real space, the Reduced PDFs (RPDF) were calculated for the as-cast and 
rejuvenated samples at selective temperatures shown in Figure 4.  The central positions of the 
first and second coordination shell are arbitrarily labeled as P1 and P2, respectively.  The 
peak/minimum positions are not visibly shifted by rejuvenation nor heating, however, their 
relative intensities exhibit distinct temperature dependence.  To better visualize the changes in 
intensity of the RPDFs as function of temperature, the RPDF for the as-cast sample at 50ºC were 
subtracted from the RPDFs collected from both samples at four different temperatures to give 
∆G(r), Figure 4b and 4d.      
Thermal expansion in as-cast sample lowers the intensity at first peak (P1) and second peak 
(P2) marked by blue arrows in Figure 4b, but the intensity between P1 and P2 were significantly 
enhanced (red arrow) around r=3.5Å.  Re-distribution of atomic packing between first and 
second coordination shell suggests that the average bonding distance becomes larger. Interestingly, 
the intensity before the P1 (r=~2.5Å) increases with the temperature and the reason is still under 
study.  On the other hand, the ∆G(r) between rejuvenated sample at 100ºC (below Trelaxation) and 
as-cast one at 50ºC is mainly from the structural change introduced by plastic deformation.  
Intensities of both P1 and P2 were reduced and redistributed in the range between peaks.  
Redistribution of atomic packing clearly suggests overall disordering of the structure in the 
rejuvenated sample even at 100ºC.  As the temperature increases from 100ºC to 400ºC, the 
intensity of P1, especially left side marked by blue arrow in Figure 4d, is significantly reduced by 
the thermal expansion.  However, the intensity of P2 shows a minor reduction compared to 
as-cast sample Figure 4b.  The remarkable difference of relaxation behaviors between as-cast and 
rejuvenated samples is in the range between P1 and P2.  The ∆G(r) around r=3.5Å is increased 
by temperature, but the maximum position shifts to lower r as indicated by the red arrow in Figure 
4d.  The intensity around r=4.5Å oppositely reduces with the temperature, suggesting the 
population with average atomic distance of 4.5 Å declines. 
Compared to the as-cast sample, the atomic arrangement in the range r>3Å is significantly 
different in the rejuvenated condition, suggesting that structural relaxation at the second nearest 
coordination shell (medium-range ordering) plays an important role on weakening the effect of 
thermal expansion.  Shifting of the peak position and increase in intensity around r=3.5Å shown 
in Figure 4d also supports that the atomic arrangement densifiers during relaxation in rejuvenated 
sample.  The atomic scale phenomena associated with structural relaxation can be classified as 
either chemical short-range ordering (CSRO) or topological short-range ordering (MSRO).  
Topological short-range ordering requires significant atomic mobilities and occurs at the 
temperature near Tg.  While chemical short/medium-range ordering, refers to how atoms of 
different elements are arranged on these atomic sites, often relaxes at temperatures well below the 
glass transition [20]. Considering the change of atomic arrangement shown in Figure 4 is minor 
above second coordination shell, the relaxation enthalpy is possibly from the chemical short-range 
ordering.  
Figure 5 shows the high resolution TEM microstructure of as-cast and rejuvenated BMGs 
after isothermal holding for 1000 s at 450ºC, above Tg, but below Tx.  Uniform contrast of 
HRTEM image and diffuse halo of selected area diffraction (SAD) pattern reveals the amorphous 
nature in as-cast sample after cooled down from 450ºC.  However, isolated nanocrystals are 
present in the amorphous matrix of rejuvenated sample.  FFT (Fast Fourier Transform) patterns 
indicates that this nanocrystal is corresponding to Zr2Cu phase, which is different from the 
orthorhombic phase initially crystallized in as-cast Zr50Cu40Al10 BMG [21].  Formation of Zr2Cu 
crystals in the supercooled liquid regions of rejuvenated sample suggests that the chemical 
bonding has been modified during relaxation of highly rejuvenated sample.  Both reduced PDF 
and presence of Zr2Cu crystals suggests that the relaxation behavior in rejuvenated sample 
involves chemical short/medium-range ordering.   
 
Figure 5 High resolution transmission electron microscope images of (a) as-cast and (b) 
rejuvenated samples annealed for 1000 s at 450ºC. corresponding SAD and FFT patterns are 
inserted. 
 
To clarify the effect of atomic rearrangement on the mechanical behaviors in highly 
rejuvenated BMG, a set of heat treatments, always using same specimen, have been done by 
heating the sample at a constant heating rate of 0.667 ºC /s to sequentially higher temperatures 
range from 100 to 600 ºC followed by subsequently cooling to room temperature at cooling rate of 
1.667 ºC /s without keeping at each temperature.  The DSC curves during each heating cycle 
were recorded and shown in Figure 6a.  There is an exothermic event corresponding to structural 
relaxation when the peak temperatures range from 150 to 400 ºC.  The onset temperature of 
structural relaxation rises after each heating run.  The arising of onset temperature in each curve 
reveals that the amount of relaxed volume is dependent on the annealing temperature.  The 
nanoindentation was performed on the sample after each heating cycle shown in Figure 6a.  The 
typical load-depth curves at a loading rate of 250 µN/s are shown in Figure 6b.  It can be seen 
that the maximum indentation depth after holding segment decreases with the increasing in the 
temperature, indicating the structural relaxation induces hardening.  Meanwhile, the pop-in 
events (serrated flow) emergencies after annealing and become more pronounced as annealing 
temperature increases [4].  The appearance of serrated flow demonstrates the occurrence of shear 
localization, which is also confirmed by the shear bands surrounding the indented area shown in 
the SPM (scanning probe microscope) images in Figure 6c-g.   SPM images display that the 
number and size of shear bands distributed around the indent become more and larger with the 
increase in the annealing temperature.  Both serrated flow and shear bands demonstrate that 
structural relaxation restores the shear localization in highly rejuvenated sample.   
 
Figure 6 (a) DSC curves by heating of highly rejuvenated Zr50Cu40Al10 metallic glass, using the 
same sample to different maximum temperatures. (b) typical load-depth nanoindentation curves of 
the sample heated up to different temperatures shown in (a) at a loading rate of 250 µN/s.  (c) –(g) 
show the scanning probe microscopic (SPM) images of indent in the samples after heated up to 
different temperatures.   
The summarized elastic modulus (E) and hardness (H) values are plotted as a function of 
annealing temperature in Figure 7 and the data obtained in the as-rejuvenated sample are plotted 
for T = 25 ºC.  An increase in the annealing temperature leads to an increase in both E and H.  
The restoration of E and H is displayed in different stages in Figure 7: the recovery rate steadily 
increases in range from 150 to 250 ºC before slowing down at 250 ~ 300 ºC; while it becomes 
higher again in higher temperature range from 300 to 400 ºC.  The rapid increase at the lower 
temperature range from 150 ºC to 250 ºC is possible related to the modification of CSRO [20], 
involving the rearrangement of different elements around the rejuvenated volume site, while the 
relaxation of TSRO is possible corresponding to the increase from 300 ºC to 400 ºC, such as the 
annihilation of free volume by long-range arrangement of atoms.  Hardness after annealing 400 
ºC is even higher than it in the as-cast state [4].  However, the more precise relationship between 
hardness and atomic packing is still under study.  
 
Figure 7 Elastic modulus (E) and hardness (H) measured by nanoindentation as a function of 
annealing temperatures (T). The data of the as-rejuvenated sample are plotted for the T = 25 ºC. 
 
4. Conclusion 
In a summary, the relaxation behaviors of highly rejuvenated bulk metallic glass were 
investigated using synchrotron X-ray scattering.  The excess free volume introduced by high 
pressure torsion based on the first diffraction diffuse peak position is about 0.4%.  Compared to 
as-cast BMG, the relaxation of rejuvenated volume weakens the effect of thermal expansion upon 
heating, resulting in a less volume change.  Reduced pair distribution function analysis reveals 
that atomic re-arrangement at second coordination shell contributed more than the first shell on the 
relaxation enthalpy and free volume change.  Structural relaxation restores the hardness and 
elastic modulus, as well as shear localization.   
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Figure 1(a) Schematic illustration of synchrotron X-ray scattering and (b) accumulated S(Q) 
of rejuvenated BMG as a function of temperature at a constant heating rate of 10oC/min and 
DSC profile was imposed.  
 
Figure 2 Comparison of (a) DSC, (b) peak position and (c) the width at half maximum 
(FWHM) between as-cast and rejuvenated BMG at a constant heating rate of 10°C/min; 
peak position and FWHM were estimated using Voigt fitting.  
 
Figure 3 Excess free volume evolution as a function of temperature in as-cast and rejuvenated 
samples. 
 
Figure 4 Reduced PDF (G(r)) profiles of (a)as-cast and (c) rejuvenated (HPT) samples at 
different temperatures; the difference in reduced PDF of (b) as-cast and (d) rejuvenated (HPT) 
samples subtracted the as-cast one at 50oC. 
 
Figure 5 High resolution transmission electron microscope images of (a) as-cast and (b) 
rejuvenated samples annealed for 1000 s at 450ºC. corresponding SAD and FFT patterns are 
inserted. 
 
Figure 6 (a) DSC curves by heating of highly rejuvenated Zr50Cu40Al10 metallic glass, using 
the same sample to different maximum temperatures. (b) typical load-depth nanoindentation 
curves of the sample heated up to different temperatures shown in (a) at a loading rate of 250 
µN/s.  (c) –(g) show the scanning probe microscopic (SPM) images of indent in the samples 
after heated up to different temperatures.   
 
Figure 7 Elastic modulus (E) and hardness (H) measured by nanoindentation as a function of 
annealing temperatures (T). The data of the as-rejuvenated sample are plotted for the T = 25 
ºC. 
 
 
